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ABSTRACT 

The intrinsic anisotropy S and flattening e of simulated merger remnants is 
compared with elliptical galaxies that have been observed by the SAURON col- 
laboration, and that were analysed using axisymmetric Schwarzschild models. 
Collisionless binary mergers of stellar disks and disk mergers with an additional 
isothermal gas component, neglecting star formation cannot reproduce the ob- 
served trend S = 0.55e (SAURON relationship). An excellent fit of the SAURON 
relationship for flattened ellipticals with e > 0.25 is however found for merger 
simulations of disks with gas fractions > 20%, including star formation and stellar 
energy feedback. Massive black hole feedback does not strongly affect this re- 
sult. Subsequent dry merging of merger remnants however does not generate the 
slowly-rotating SAURON ellipticals which are characterized by low ellipticities 
e < 0.25 and low anisotropies. This indicates that at least some ellipticals on the 
red galaxy sequence did not form by binary mergers of disks or early-type galax- 
ies. We show that stellar spheroids resulting from multiple, hierarchical mergers 
of star-bursting subunits in a cosmological context are in excellent agreement 
with the low ellipticities and anisotropies of the slowly rotating SAURON ellip- 
ticals and their observed trend of 5 with e. The numerical simulations indicate 
that the SAURON relation might be a result of strong violent relaxation and 
phase mixing of multiple, kinematically cold stellar subunits with the angular 
momentum of the system determining its location on the relation. 

Subject headings: methods: N-body simulations - galaxies: elliptical and lentic- 
ular - galaxies: evolution - galaxies: formation - galaxies: kinematics and dy- 
namics - galaxies: structure 
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Introduction 



A popular formation scenario for early-type galaxies is the collision and merger of two 
roughly equal-m ass galaxies with mass r atios between 1:1 and 4:1. This famous major 
merger scenario (IToomre fc Toomrdll972l ) has been very successful in explaining observed 
properties of e l lipticals, like their kinematics, surface density profile or isophotal shape 
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gas-rich 1:1 to 2:1 disk mergers where the gas subsequently settles into the equatorial plane of 
the merger remnant and 



j roduces a new stellar disk component (IKhochfar &; B ur kcr t 
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Bournaud et al 



(120071 ) showed that repeated minor 



mergers result in remnant properties very similar to one corresponding to major mergers. 

A serious problem of the major merger scenario was the fact that cosmological models 
do not predict a dependenc e of the mass ratio of mergers on total galaxy mass or luminosity 
( IKhochfar fc Burkertl 120031 ) . If, on the other hand, the mass ratio determines the isophotal 
shape and rotational properties of merger remnants one would expect that the ratio of the 
number of fast rotating, disky ellipti cals to the numbe r of slowly rotating, boxy systems 
should be independent of luminosity (INaab et al.ll2006bl ). This is in contrast with observa- 
tions that show a strong dependence of isophotal shape and rotational properties on galaxy 
mass. While massive galaxies are preferentially boxy, slow ro tators, lower-mass elliptical s 
are predominantly d i sky a nd fast rotators (for a summary see iKormendy fc Bender! Il996l ). 
Khochfar &; Burkertl (120031 ) argued that this mass dependence of galaxy properties could be 
explained as a re sult of differences in the morphologies of the merging progenitors (see e.g. 
Kang et al.l 120071 ). Using semi-analytical models they showed that gas-rich disk-disk merg- 
ers dominate at the low-mass end of ellipticals while intermediate mass ellipticals should 
have formed preferentially from mixed mergers involving a disk and an elliptical galaxy. Fi- 
nally, the most massiv e early- type galaxie s should have experienced a last elliptical-elliptical 
merger (dry merger) (INaab et al.l 2006b ). Mixed mergers have not yet been studied in 
details, although, according to IKhochfar fc Burkertl (120031 ) they should be more frequent 
than dry mergers (see however iHopkins et al.ll2007bl ). Dry mergers and their implications 
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for the formation of the red galaxy sequence have however received a l ot of attention re- 
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Further refinement of theoretical models has recently been achieved by including black- 
hole physics in simulations of galaxy mergers and elliptical galaxy evolution. Energetic feed- 
back from central black holes might solve some pending problems of major merger models, 
like the suppression of late inflo w of cold gas and sta r formation that would make ellipticals 
look much bluer than observed (ISpringel et al.ll2005l ). 



In summary, despite several still unsolved questions (e.g. iNaab k, Ostrikerl 120071 ). the 
major merger scenario has become a po pular model in order to explain the origin of bulge- 
dominated, spheroidal galaxies (see e.g. Hopkins et alll2007afl ). 



Progress in understanding galactic evolution is often driven by strong interactions be- 
tween observers and theorists. Increasingly more sophisticated theoretical/numerical models 
are confronted with continuously improving ob servations that lead to new theoretical chal- 
lenges. One example is the SAURON project (jEmsellem et al.ll2004l ) which aims to deter- 
mine the 2-dimensional structural and kinematical properties of early-type galaxies using a 
panoramic integral-field spectrograph. In order to interpret the observations and study the 
intrin sic galaxy structure, axisymm etric Schwarzschild models are applied to the observa- 
tions (jCappellari et al.ll2006l . 120071 ) . The results, published so far, have revealed interesting 
fine structures and physical properties which provide ne w and deeper insight into the origin 



of ga laxies, in particular when compared to simulation (IBendo fc Barnesll2000l ; iJesseit et al. 
2003). 



In this paper we confront a recently published S AURON analysis of preferentially 
axisymmetric elliptical galaxies (jCappellari et al.l 120071 ) with the predictions of numerical 
merger simulations and cosmological models of galaxy formation. Section 2 summarizes the 
observations. Section 3 shows that simulations of collisionless and gaseous disk-disk mergers, 
neglecting star formation and stellar feedback cannot reproduce the observational results. 
We demonstrate that star formation and stellar energy feedback has a strong effect on the 
final structure of merger remnants, leading to a good agreement with the SAURON obser- 
vations of fast rotating ellipticals. The origin of the round, almost isotropic, slowly rotating 
SAURON ellipticals is explored in section 4. Isolated, dry mergers of ellipticals that formed 
as discussed in section 3 cannot explain these objects. We show however that cosmological 
initial conditions, leading to a series of multiple major and minor mergers, coupled with local 
star bursts generate spheroidal stellar systems in very good agreement with the observations. 
Conclusions follow in section 5. 
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SAURON results 



Cappellari et al.l (120071 ) analyzed a subsample of 24 elliptical and lenticular galaxies of 
the SAURON survey which were biased against triaxiality and consistent with being axisym- 
metric stellar systems. Axisymmetric three-integral Schwarzschild models (Schwarzschild 
1979; Cappellari et al. 2005) were used to determine the distribution of stellar orbits. 
For an investigation of the validity and accuracy of axisymmetric Schwar zschild models 



i n rep roducing the intrinsic properties of simulated merger remnants, see iThomas et al. 



( 120071 ) . As SAURON integral- field kinematics was only taken within the effective radius, 
the Schwarzschild calculations were restricted to a determination of the orbital parameters 
for the 50% most bound stars in each galaxy. From this, global galactic parameters were 
derived. The authors found two classes of spheroid-dominated galaxies, one with and one 
without significant amount of specific angular momentum (Emsellem et al. 2007). They 
called these groups slow and fast rotators, respectively. Following Binney (1978), for each 
galaxy the anisotropy parameter 

r n xx ri^z . » 

6 = —fi • (!) 

was determined. Here, the z axis coincides with the symmetry and rotation axis of the 
axisymmetric galaxy, 



n« = / pa*d 3 x (2) 



is the diagonal element of the velocity dispersion tensor in the i-th direction (IBinney fc Tremaine 
19871 ). of = (vf) — (vi) 2 is the local mean velocity dispersion in the i-th direction and p is 



the local stellar density. For axisymmetric systems II^ = H yy . In addition, the so called 
intrinsic ellipticity was determined as the edge-on ellipticity of the projected early-type 
galaxy, corrected for inclination effects. 

The red and cyan filled circles in Fig. 1 show 5 versus e,i nt of the slow and fast ro- 
tating ellipticals of the SAURON sample, respectively. The population of slow rotators is 
intrinsically quite round (e* n t < 0.25) and characterized by an almost isotropic velocity dis- 
persion with 5 < 0.15. In contrast, the fast rotators are in general much flatter (ej n t > 0.3) 
and more anisotropic with 5 > 0.15. This result is in conflict with the standard paradigm 
that fast rotating elli pticals are ne ar ly isotropic systems whi le slowly rotating ellipticals are 



elliptic 
)ic teii 



strongly anisotropic (lBinneylll978l ). iBurkert fc Naabl (120051 ) showed that projection effects 



play an important role for fast rotators and that even strongly anisotropic stellar systems 
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would appear isotropic when viewed under random projection. The origin of the isotropic, 
slowly rotating population is however puzzling. Despite the fact that the analyzed SAURON 
sample is still small, Fig. 1 clearly reveals a strong correlation between S and 6j n4 which can 
be fitted by the empirical relationship (solid line) 



5= (0.55±0.1)e int . (3) 



Ellipti cals are usually analysed, using the classical (V/cr)-e anisotropy diagram (IBinney 



19781 . 120051 ) with V and a being the maximum projected rotational velocity and p rojected 



centra l velocity dispersion, respectively, and e the apparent projected ellipticity. IBinney 



( 120051 ) demonstrated that for axisymmetric systems, seen edge-on, the anisotropy is given 



by 



,5 = 1- 1 + (A) 
q(e)[l-a(V/ay] [) 



where a measures the shear in the stellar streaming velocity and 



. . 0.5 arcsin e — e\f \ — e 2 . . 

q(e) = g x : 5 

1 — e z i .> — arcsin e 

with e = (1 — (1— e) 2 ) 1 / 2 . a is in general small. The dashed curves in Fig. 1 show the expected 
correlation between S and e for different values of V/cr, adopting a = 0.15 (Cappellari et al. 
07). Due to the effect of rotational flattening, e increases with increasing V/cr for a given 
value of 5. The fast rotating SAURON ellipticals (cyan circles) cluster around V/cr ~ 0.5 
while the slowly rotating sample (red circles) is characterized by V/cr < 0.25. 

Open circles in Fig. 1 correspond to objects classified as SO galaxies. Two of these 
objects have properties that are similar to fast rotating ellipticals, indicating either a similar 
origin or classification problems. Note however the 3 highly elliptical and fast rotating 
outliers that indicate that SOs are at least sometimes more rotationally dominated than fast 
rotating early-type galaxies. 



In the next sections we will explore the question whether these observational results are 
in agreement with the major merger scenario of early-type galaxy formation. 
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3. The Origin of the Fast Rotating SAURON Ellipticals 



We start with an analysis of a large sample of collisionless merger remnants of disk 
galaxies with different mass ratios and initial orientations. The progenitors consisted of a 
stellar disk, a stellar bulge and a surrounding dark matter halo. Gas and star formation 
has been neglected. Details of the initial condition s, the simulations and the properties of 



the merger remnants have been presented elsewhere (IBurkert fc Naabll2003l ; iNaab fc Burkert 



f . 

20031 ; iKhochfar fc Burkertl 120061 ; INaab et al.l 12006a! ) . There it was shown that equal-mass 
mergers with progenitor mass ratios of 1:1 to 2:1 produce slowly rotating and often boxy 
remnants, resembling massive ellipticals, while unequal- mass mergers with mass ratios of 3:1 
-4:1 generate fast rotating, disky remnants, resembling lower- mass ellipticals. 

In order to match the SAURON analysis, 5 was determined from the 50% most bound 
stellar particl es of the relaxed merger remnants and €i n t from the edge-on projected stellar 



distribution. ICappellari et al.l (120071 ) used axisymmetric models where U xx = H yy . One 



should however note that especially 1:1 mergers are quite triaxial. Our 1:1 mergers have a 
roughly homogeneous distribution of the ratio U yy /U xx which lies in the range of U. yy /H xx = 
0.75 — 1. We therefore use an averaged value of the velocity dispersion in the equatorial 
plane in order to determine the anisotropy: 



= 0.5(11^ + Uyy) ~ U ZZ 

0.5(T1 XX + Uyy) ^ j 

which in the axisymmetric case reduces to Eq. 1. 

Fig. 2 shows the distribution of all collisionless merger remnants in the ^-e^-diagram. 
In agreement with previous work, 1:1 remnants (red triangles) are slowly rotating (V/er < 
0.25), consistent with the slow rotators found by the SAURON team. 2:1 - 4:1 merger 
remnants fall into the regime of 0.25 < V/cr < 0.75, consistent with fast rotating SAURON 
ellipticals. However, in contrast to the SAURON observations, no correlation of 5 with e is 
visible. Independent of V/cr, e or the progenitor mass ratio, collisionless merger remnants 
are characterized on average by an anisotropy of 5 ~ 0.35 with a large spread. This value 
is close to the anisotropy found for the most flattened, fast rotating SAURON ellipticals. 
The disagreement increases however for less flattened, slow rotators. On average, even the 
fast rotating SAURON ellipticals have substantially lower anisotropies and lower ellipticities 
than our 2:1 to 4:1 merger remnants. 

The disagreement is largest for slowly rotating systems. Equal- mass (1:1) collisionless 
merger remnants, despite their slow rotation, cannot reproduce at all the observed properties 
of the slow rotators of the SAURON sample which are much less anisotropic and therefore 
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much less flattened than predicted by the numerical simulations. 



One possible explanation for the disagreement between observations and the theoretical 
models could be that the SAURON collaboration focussed especially on axisymmetric sys- 
tems, characterized by U yy /H xx ~ 1. We tested whether this could generate a bias towards 
preferentially spherical, low anisotropy systems by investigating the location of our axisym- 
metric merger remnants with H yy /H xx > 0.9 in Fig. 2. Their distribution turns out not to 
be different compared with the complete sample, ruling out such a solution. 



Naab et al.l (j2006al ) emphasised the importance of gaseous energy dissipation during 



galaxy mergers. They studied a set of disk mergers with mass ratios 1:1 and 3:1, including 
gas with a mass fraction of 10 per cent of the total disk mass. The gas dynamics was followed 
during the merging process, adopting an isothermal equat ion of state. Star f ormation and 
stellar feedback was neglected. Despite this simplification, iNaab et al.l (j2006al ) showed that 
a dissipative gas component, settling into the galactic center through its gravitational force 
has a strong effect on the orbital structure of the merger remnant, leading to asymmetries of 
the line-of-sight velocity distribution of rotating ellipticals that are in much better agreemen t 
with observations than collisionless merger remnants (see also iGonzalez-Garcfa et al.ll2006l ). 
The anisotropy and ellipticity of the 1:1 and 3:1 merger remnants with 10% gas however 
turns out to be very similar to the distribution of the collisionless merger sample. Clearly, a 
10% gas fraction as expected in evolved disk galaxies does not solve the problem either. 

Ellipticals are in general old systems that formed at a time when disk galaxies were still 
quite gas-rich. Star formation and stellar as well as central black hole feedback therefore is 
expected to have played an important role during galaxy mergers jHopkins et al.l l2007al lbh . 
In order to investigate this question we have started a new series of gas- rich (> 20% gas) 
disk mergers, using GADGET2 and taki ng into account star f o rmati on as well as stellar 



and b lack hole feedback as described by ISpringel fc Hernquistl (120031 ) and ISpringel et al. 
(120051 ). A detailed analysis of these simulations will be presented in a subsequent paper 
(Johansson et al., in preparation). The triangles in Fig. 3 show how star formation and 
energetic feedback affects the anisotropy and ellipticity of the merger remnants. Large 
triangles correspond to simulations, including black hole accretion, merging and black hole 
feedback. Five simulations have been repeated without taking into account black holes. They 
are represented in Fig. 3 by the smaller triangles. For a more detailed investigation of how 
star formation, energetic feedback and black hole physics affects the final structure of the 
merger remnants, table 1 compares the anisotropies and ellipticities of the collisionless merger 
simulations (columns 2 and 3) with those, starting with the same initial geometries and mass 
ratios, however now including 20% of gas, star formation as well as stellar and black hole 
feedback (columns 4 and 5). The columns 6 and 7 finally show the results for the simulations 
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where black hole accretion and feedback has been neglected. The initial conditions are shown 
in the first column of table 1 and are defined in table 1 of Naab Sz Burkert r|2003h . 



Fig. 3 and table 1 show, that star formation and stellar energetic feedback has a strong 
effect on the anisotropy and ellipticity of merger remnants. We still find a trend of decreasing 
rotational support, i.e. decreasing V/a with decreasing mass ratio of the progenitor disks. In 
addition, now, the scatter in the S versus diagram is much smaller and a clear correlation 
between 5 and e» n t is visible that can be fitted by a linear relationship (dotted line) 



S = 0.67e int , (7) 

which is somewhat steeper than the SAURON relation (solid line). 

It is interesting that including star formation, the location of the merger remnants in 
the S-e int diagram shifts closer to the dotted line, independent of whether they were above 
this correlation or below it in the collisionless merger case. For example, while the 3:1 merger 
with initial geometry 10 in the collisionless case formed a remnant that is characterized by 
{tint/5) = (0.51/0.14), including star formation and black hole physics moves this system 
up to values of (e int /S) = (0.55/0.33). Neglecting black holes, the values are very similar 
with (ei n t/5) = (0.55/0.35). An other example is the 1:1 merger with geometry 13 that in 
the collisionless case is located at (tint/ 8) = (0.44/0.38) and that with star formation shifts 
down to (ei n t/5) = (0.27/0.24), much closer to the dotted line than previously. In general, 
star formation is the dominant process. As shown by the small triangles in Fig. 3 and table 
1, the effect of black hole accretion and feedback on the structure of the merger remnants is 
small. 

The influence of the initial gas ratio on the results is indicated by the cyan triangles 
which show the results of three 3:1 mergers of two co-planar disk galaxies with initial gas 
baryon fractions of 20%, 40% and 80%. With increasing gas fraction the remnants move 
along the dotted curve towards smaller ellipticities and anisotropics. 



4. The Origin of Slowly Rotating, Isotropic, Massive SAURON Ellipticals 



The merger simulations of disk galaxies with star formation still cannot explain the 
almost round and isotropic SAURON ellipticals with e < 0.2 and 5 < 0.15. Mergers between 
ellipticals (dry mergers) have been suggested t o dominate these s lowly rotating, red galaxies 
( IKhochfar fc Burkertl 120031 ; iFaber et al.l 120051 ; iNaab et al.ll2006bl ). A strong motivation for 
the dry merger scenario is the fact that old, red ellipticals have masses that are much larger 
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than typical spiral galaxies which basic ally rules out the poss ibility that they could have 
formed by a binary spiral-spiral merger (INaab fc Ostrikerl 120071 ). 



We investigated the dry merger scenario by re-merging the Gadget disk-disk merger 
remnants, discussed in the previous paragraph. The results of five 1:1 early-type mergers are 
shown by the filled black points in Fig. 3. Although the explored parameter space is still very 
small it is already obvious from the location of the black points that early-type mergers in 
general are unlikely to explain the slowly rotating, isotropic SAURON ellipticals. The data 
points cluster around €i n t ~ 0.57 and 5 ~ 0.43 which is close to the relationship between 
anisotropy and ellipticity (dotted line) found for disk-disk mergers with star formation. From 
a dynamical point of view, these dry me rger remnants are similar to gas-rich disk mergers 
with star formation. INaab et al.l (l2006bl ) had analysed the structure of ellipticals, formed 
through dry re-merging of ellipticals that were generated from collisionless, 1:1 and 3:1 stellar 
disk mergers as discussed in section 3. Note that, as shown in Fig. 2, the progenitor ellipticals 
do not lie on the SAURON relation. Nevertheless, it is interesting that re-merging of these 
systems places them nicely on the 5-emt relation described by Eq. 7 (open circles in Fig. 3). 
Still, these merger remnants are faster rotating, more anisotropic and more ellipsoidal than 
the slowly rotating SAURON ellipticals. 

Yet another possibility to generate spheroida l ellipticals are multiple mergers in cos- 
mological high-density regions. INaab et al.l (120071 ) investigated the formation of a number 
of massive galaxies using high-resolution cosmological simulations in a ACDM universe. 
The calculations were simple, including only photoionization and cooling of the interstel- 
lar medium as well as star formation. AGN and supernova feedback was neglected. In 
these simulations efficient cooling of gas generated rapid gas infall into smaller dark halo 
density perturbations, followed by a burst of star formation. At the same time, these sub- 
structures merged into massive spheroidal stellar galaxy, resembling a present-day, red giant 
elliptical. Shock heating in the later phases generated a surrounding hot gaseous halos that 
supp r essed late star forma tion, leading at the end to a red, old galaxy (iBirnboim fc Dekel 
20031 : iBirnboim et al.l 120071 ) . 



The gr e en po ints in Fig. 3 show the location of three spheroidal galaxies presented in 
Naab et al.l (120071 ) and 7 additional galaxies of similar mass simulated in the same manner. 
The distribution is in excellent agreement with the SAURON observations of red, massive 
ellipticals. Interestingly, the simulations reproduce not only the observed low ellipticities 
and anisotropics. They also show the same trend of anisotropy with ellipticity as observed. 
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5. Summary and Discussion 

The numerical simulations, discussed in the previous sections, have shown that interstel- 
lar gas dynamics, star formation and stellar feedback plays a crucial role in order to reproduce 
the observed kinematical and isophotal properties of fast rotating, early-type galaxies. The 
final structure of the merger remnants depends on the initial mass ratio and gas fraction. 
The remnants are more round, less anisotropic and more rotationally supported the smaller 
the mass ratio M 1 /M 2 > 1 of the progenitors and the larger the initial gas fraction. The 
dependence of 5 on e int is in agreement with the observed trend found in the SAURON 
sample. 

Subsequent dry re-merging of disk-disk merger remnants however does not generate the 
observed slowly-rotating red SAURON ellipticals with small anisotropies and ellipticities. 
This indicates that at least some early-type galaxies on the red galaxy sequence formed in a 
different way. We find that multiple mergers of stellar substructures that formed from cold 
gas infall into dark matter halos in cosmological simulations produce round, isotropic and 
slowly-rotating relaxed stellar systems that are in perfect agreement with the SAURON ob- 
servations. Multiple mergers of stellar systems in dense group enviroments therefore appear 
to be a promising alternative scenario for the origin of the red, massive galaxy population. 

Despite the fact that merger simulations with star formation lead to a correlation be- 
tween anisotropy and ellipticity (5 = 0.67 x e^) that is very similar to that inferred from 
observations its origin is not understood yet. It is interesting that merger remnants ap- 
pear to move closer towards this relation along lines of constant V/a (i.e. roughly constant 
specific angular momentum) in the case of a strong relaxation process. Here, strong relax- 
ation is defined as the merger of a system of kinematically cold systems of stars that lateron 
break up and generate a kinematically hot stellar remnant. Several conditions could lead to 
such a violent dynamical process. The cold stellar clumps could for example have formed 
in the star-bursting tidal tails of interacting, gas-rich disk galaxies. Another possibility is 
the cosmological multiple merging of dark matter substructures with an embedded stellar 
systems. The SAURON relation might represent the relaxed and phase-mixed end state of 
these complex mergers with the location of the remnant on the relation being determined 
by its specific angular momentum which is related to its value of V/a. More theoretical 
work will be required in order to better understand these interesting questions and their 
connection to early-type galaxy formation. 

We thank M. Cappellari, R. Jesseit and J. P. Ostriker and Eric Emsellem for interest- 
ing discussions. The work was partly supported by the DFG Sonderforschungsbereich 375 
" Astro- Teilchenphysik". The numerical simulations were run on a local SGI-Altix 3700 Bx2 
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Fig. 1. — The anisotropy 5 versus the edge-on projected ellipticity e int is shown for SAURON 
ellipticals. The effect of rotation on the ellipticity is demonstrated by the dashed lines which 
from left to right show the theoretically predicted correlation 5(e) (Eqs. 4 and 5) for constant 
values of V/cr=0, 0.25,0. 5,0. 75,1, respectively. Red and cyan filled circles show slowly and 
fast rotating SAURON ellipticals, respectively. Open circles show objects, classified as SO 
galaxies. 
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Fig. 2. — The structure of dissipationless merger remnants (triangles) is compared with 
the SAURON relation, represented by the solid line (dashed lines, see Fig. 1). The red, 
green, blue and black filled triangles correspond to dynamically relaxed merger remnants of 
collisionless stellar disk mergers with mass ratios 1:1, 2:1, 3:1 and 4:1, respectively. 
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Table 1: Anisotropy parameter and ellipticity of merger remnants 



mass ratio/ 


tint 


5 


tint 


5 


tint 


5 


geometry 


stellar 


stellar 


SF+BH 


SF+BH 


SF 


SF 


1:1/7 


0.49 


0.41 


0.36 


0.20 






1:1/10 


0.34 


0.24 


0.29 


0.16 


0.21 


0.12 


1:1/13 


0.44 


0.38 


0.27 


0.24 


0.28 


0.24 


2:1/4 


0.64 


0.61 


0.60 


0.46 






2:1/10 


0.24 


0.07 


0.47 


0.37 






2:1/14 


0.52 


0.61 


0.50 


0.31 






3:1/4 


0.69 


0.47 


0.63 


0.44 


0.56 


0.39 


3:1/10 


0.51 


0.14 


0.55 


0.33 


0.55 


0.35 


3:1/14 


0.59 


0.42 


0.61 


0.24 


0.62 


0.25 



1 1 — 717 
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int 

Fig. 3. — Same as Fig. 2. Here, red and blue large triangles show the location of 1:1 and 
3:1 merger remnants with 20% gas, including star formation and black hole accretion as 
well as energetic feedback from stars and black holes. The smaller triangles show merger 
simulations without black hole physics (see also table 1). Cyan triangles show the results of 
a co-planar disk merger, including star formation, black hole physics and energetic feedback 
processes with initially 20%, 40% and 80% gas, respectively. All data points can be fitted 
well by a linear relationship of 5 with that is shown by the dotted line. It is somewhat 
steeper than the SAURON relation (solid line). Green circles correspond to cosmological 
simulations of spheroidal galaxy formation that take into account star formation but neglect 
stellar feedback and black hole physics. Filled black circles show five dry equal-mass mergers 
of merger remnants that were produced from GADGET merger simulations of disks with 
20% gas, taking into account star formation and black hole physics. Open circles show the 
results of 1:1 and 3:1 drv mergers of ellipticals that were generated bv collisionless mergers 



